The low-frequency resistance noise in sputtered-deposited magnetic tunnel junctions with MgO barriers has been measured as a function of annealing time at different annealing temperatures. The noise has a 1 / f spectrum and it is quantified by a Hooge-like parameter ␣ given in units of m 2 . Unannealed devices have the highest noise levels and their ␣ parameters exhibit a pronounced dependence on the voltage bias across the junction. A significant increase in tunneling magnetoresistance ͑TMR͒ is observed for short annealing times ͑on the order of minutes͒ at high temperatures and it is correlated with a large reduction in noise and in its bias dependence. The maximum TMR and minimum noise levels are reached at a later time that depends on temperature, being shorter at higher annealing temperatures. Devices annealed at 380 and at 430°C exhibit the same minimum noise levels, ␣ Ϸ 2 ϫ 10 −10 m 2 . The origin of the resistance noise, its annealing time evolution, and its bias dependence are discussed and they are attributed to vacancy defects in the MgO barriers.
I. INTRODUCTION
A magnetic tunnel junction ͑MTJ͒ consists of a thin insulating layer ͑the tunnel barrier͒ sandwiched between two ferromagnetic ͑FM͒ electrode layers. The tunneling magnetoresistance ͑TMR͒ of such a device is due to spin-dependent electron tunneling and it depends on the relative orientation of the magnetizations in the FM electrodes. The relative orientation can then be changed by using an externally applied field or by spin-transfer torque from a large spin-polarized current to affect the magnetization of one of the FM layers that is deliberately made to be magnetically soft. MTJs with amorphous aluminum oxide barriers have been studied extensively and exhibit TMR values up to about 70%. Much higher TMR was predicted 1,2 and experimentally realized using crystalline 3 and textured 4 MgO barriers. The giant TMR in MgO-based MTJs is due to the coherent tunneling of fully spin polarized ⌬ 1 electrons and requires fourfold crystallographic symmetry in both the MgO and the FM electrodes ͑e.g., CoFeB͒.
In addition to high TMR, the intrinsic noise in MTJs is an important parameter for applications. The noise mechanisms in MTJs have been summarized recently 5 and include thermal, shot, and resistance noise. The latter arises from barrier ͑e.g., charge traps͒ and from magnetization fluctuations in the electrodes, both of which typically exhibit a 1 / f-like spectral dependence, where f is frequency. Resistance noise is a performance limiting factor at low frequencies in magnetoresistive-based magnetic sensor technologies including MTJs.
Practical applications of MgO-based MTJs, such as magnetic field sensors and magnetic random access memory, require materials stack structures that incorporate exchange bias layers. Exchange bias is used to provide robust magnetic pinning to one of the FM layers. However, CoFeB layers deposited onto these layers are amorphous and hence, high TMR is not expected. Thermal annealing treatments, typically 1-2 h at temperatures above 250°C, are then used to improve the degree of crystallization of the CoFeB layers. The effects of thermal annealing on the TMR have been studied extensively. 6, 7 However, few studies have aimed at revealing the relation between thermal annealing and noise, particularly for MgO-based MTJs. For instance, Scola et al. 8 reported that the 1 / f noise in their samples was independent of annealing temperature, even in the limiting case of no annealing. On the other hand, Liou et al. 9 reported that the low-frequency magnetoresistive noise could be reduced by annealing in high magnetic fields. More studies are needed to address the issue of whether annealing treatments that optimize the TMR are good for ͑i.e., minimize͒ the noise.
In this paper, we investigate the annealing time evolution of TMR, differential resistance, and barrier-resistance noise in MgO-based MTJs. Unannealed devices exhibit low TMR, high noise levels, and pronounced bias dependence in the normalized noise. A significant increase in TMR is observed for short annealing times and it is correlated with a large reduction in noise and in its bias dependence. At longer times, both TMR and noise saturate at their maximum and minimum values, respectively. The barrier noise and its bias dependence are ascribed to vacancy ͑presumably oxygen͒ defects in the sputtered MgO layer. In unannealed devices, high defect densities and disorder in the oxide can lead to defect bands in the band gap of MgO and band tails that extend near the Fermi level of the FM electrodes. We propose that thermal annealing reduces the number of localized defect states near the Fermi level and the extent of the defect band tails, leading to a reduction in noise and in its bias dependence. We also find that the minimum noise levels are nearly the same for annealing temperatures of 380 and of 430°C and are comparable to the levels found by others a͒ Electronic mail: nowak@udel.edu. using lower annealing temperatures. This suggests the minimum barrier-resistance noise level in sputtered MgO layers is due to a common underlying defect ͑as yet unidentified͒ that is not removed using standard annealing treatments.
II. METHODS AND RESULTS
UV photolithography and ion-beam etching processes were used to fabricate MTJ devices from multilayer stacks deposited using dc magnetron sputtering; details can be found in Ref. 6 . The materials stack structure was Si/ SiO 2 / Ta 7/Ru 20/Ta 7/CoFe 2/IrMn 15/CoFe 2/Ru 1.7/ CoFeB 3/MgO 1.5-3/CoFeB 3/Ta 8/Ru 10, where the numbers represent layer thicknesses in nanometers. MTJs were patterned into cross-shaped geometries having diameters of 20 m. Contact to the bottom electrode was made by etching down to reference layer. A 150 nm thick SiO 2 layer was deposited as the insulation layer between the bottom and the top electrodes. Finally, a Ti 15 nm/Au 150 nm bilayer was deposited to serve as both a protective layer and as contact pads to the bottom and to the top electrodes. Silver epoxy ͑EP0-TEK H20E͒ was used to mount samples onto ceramic leaded chip carriers. Al wire bonding was then used to make electrical contact between the chip carrier and the contact pads. All electrical measurements were done at room temperature using a conventional four-probe technique. For all reported data, positive voltage biases correspond to electron transport from the bottom to the top electrode. Noise measurements were performed under constant current bias conditions by means of a battery and a ballast resistor. The lowfrequency voltage fluctuations were amplified, antialias filtered, and digitized using a 16 bit analog-to-digital converter after which the power spectral density S V ͑f͒ was computed as a function of frequency f. The magnetic field was applied in the plane of the films and collinear with the exchange-bias field direction.
Thermal annealing of the samples was done in an Ar environment having a residual oxygen level below a few ppm. Chip carriers were placed on a custom Cu stage that was preheated to the desired temperature. The annealing temperatures we report are the steady state temperatures of the sample die measured using a Pt resistance temperature detector ͑RTD͒. The RTD shows that the die heats up rapidly, attaining 85% of its equilibrium temperature after 10 s of making contact with the Cu stage and reaching the equilibrium temperature after approximately 50 s. Hence, the reported annealing temperatures are quite accurate for all but the shortest annealing times. Immediately after annealing for the desired duration, the sample was allowed to cool naturally to room temperature in a magnetic field of 60 mT in order to set the exchange pinning direction.
We denote "as-prepared" devices as those having undergone a low temperature heat treatment ͑190°C͒ and subsequent cooldown in a 60 mT field to establish exchange pinning. The nominal resistance-area product of such devices ranged from 25 to 150 k⍀ m 2 , depending on the MgO thickness. We define the TMR as ͑R AP − R P ͒ / R P , where R P ͑R AP ͒ is the resistance in the parallel ͑antiparallel͒ magnetic state. Their TMR values ranged between 20% and 25%. Figure 1 shows that the TMR increases significantly during the first few minutes of annealing, consistent with previous reports. 6 The annealing time t a represents the cumulative annealing time and is plotted on a logarithmic axis to better visualize the behavior at short times. We assign t a = 1 s for as-prepared samples. Despite careful handling, including precautions for avoiding electrostatic discharge, several of the MTJ devices were irreversibly damaged after 3-5 cycles of annealing and measurement. In such cases, annealing studies were continued on a neighboring MTJ on the same die with the same annealing history.
Due to the importance of high annealing temperatures for attaining large TMR values, we chose 380 and 430°C for our annealing studies. For an annealing temperature of 430°C, the TMR is observed in Fig. 1 to increase sixfold ͑from 20% to 119%͒ between the as-prepared state and the first annealing step at t a = 30 s. This junction was damaged after 240 s of annealing, so an adjacent MTJ having similar TMR was used as a replacement. The TMR begins to saturate at longer t a , increasing from 246% at 780 s to only 276% at 2600 s. The rapid increase in TMR within the first couple of minutes of annealing indicates that significant structural changes are taking place at short times. 6 For statistical purposes, we also show TMR data for a third junction. It had TMR values that were comparable to the other two junctions for t a = 30, 240, 780, and 2600 s ͑111%, 203%, 236%, and 261%, respectively͒. However, its as-prepared state did not represent the typical noise properties associated with these junctions. This will be discussed later.
Data at 380°C are also shown in Fig. 1 . It is evident that longer annealing times are required at lower temperatures in order to attain TMR values comparable to those measured for 430°C. At short t a , the TMR does not increase as rapidly as it does at 430°C. For example, 260 s at 380°C is required to reach a TMR value of about 115%, compared with 30 s at 430°C.
We now turn to the noise studies. . S V ͑f͒ is observed to be 1 / f-like at low frequencies and to crossover to a frequency-independent spectrum at high frequencies. S res ͑f͒ is determined by subtracting the amplifier noise and the thermal and shot noise from S V ͑f͒. Figure 2 shows examples of S res ͑f͒ measured at different voltage biases V. Also shown is the zero bias background noise level which is in agreement with the thermal ͑Johnson͒ noise of the junction and amplifier noise. Artifacts from electrical interference such as narrow-band spectral spikes caused by 60 Hz and its harmonics were removed. Typically, S res ͑f͒ is found to scale approximately as V 2 / f ␤ , where the spectral exponent ␤ ranges between 0.8 and 1.2. We note that as-prepared samples show deviations from the quadratic bias dependence as discussed below.
The magnetic field dependence of the resistance noise can be used to distinguish between magnetic and barrier contributions to S res ͑f͒. Figure 3 plots the magnetic field dependence of the magnetoresistance and the normalized 1 / f noise fS res / V 2 at 18 Hz. Resistance and noise were measured simultaneously as the applied field was ramped from 40 to Ϫ70 and back to 40 mT. The two panels show data taken after 80 and 19 000 s of annealing at 380°C. The noise magnitude peaks at fields corresponding to the magnetization reversals of the free and reference layers in the MTJ. 10 By applying a sufficiently large field ͑Ͼ30 mT͒ the magneticbased fluctuations can be suppressed. The remaining noise power S elec ͑f͒ is independent of field and is attributed to barrier noise. Figure 3 also shows that the magnetoresistive noise associated with reversal of the reference layer is pronounced over a wide range of fields. At short annealing times ͑80 s͒, barrier noise is large and magnetoresistive noise dominates only at fields corresponding to the transition regions in the magnetoresistance curve. After 19 000 s of annealing, the barrier noise has dropped considerably and the noise peak associated with the reference layer appears to have broadened, extending from the highest negative fields up to about 20 mT. Although interesting, the impact of annealing on magnetoresistive noise is beyond the scope of this paper; we note, however, that the magnetoresistive noise power does scale as dR / d͑ 0 H͒ as previously reported. 10, 13 A number of studies 8,12-14 report higher noise levels in the antiparallel ͑AP͒ state. Our results indicate that even if the resistance is relatively constant over a field range corresponding to the AP state, there may be significant underlying magnetoresistive noise due to the reference layer. For this reason we only report barrier noise well into the parallel ͑P͒ state, measured at a 40 mT field.
Barrier noise in MTJs is often described by a Hooge-like parameter ␣͑V͒ϵ fAS elec / V 2 , where A is the junction area. 11 We report ␣ values at 20 Hz. Figure 4 plots ␣͑V͒ in the first junction at three different annealing times ͑t a = 1, 30, and 240 s͒ for an annealing temperature of 430°C. The as-prepared device clearly shows the largest noise. It also exhibits the most pronounced bias dependence, where it can be seen that ␣͑V͒ decreases by more than 30% at larger voltage biases. Annealing has two important effects on the noise; it significantly reduces its magnitude and its bias dependence. For example, ␣ drops by more than a factor of 10 after the first 30 s of annealing. In addition, ␣ continues to decrease with 4 . ͑Color online͒ The bias dependence of the noise magnitude is shown for junction 1 which was annealed at 430°C. The noise level in the asprepared junction is much larger and exhibits pronounced bias dependence, decreasing at higher biases. With thermal annealing, the noise drops by a factor of 10 and there is noticeably less bias dependence.
further annealing and becomes nearly independent of bias. Figure 5 compares ␣͑V͒ for the second junction for intermediate durations of annealing. Both display comparable magnitudes and bias dependences. Finally, we note that ␣ appears to reach a minimum value around 1.6ϫ 10 −10 m 2 at sufficiently long times ͑t a Ͼ 780 s for an annealing temperature of 430°C͒.
Although 1 / f noise is observed in the majority of cases, occasionally a junction can be found that exhibits pronounced random telegraph noise ͑RTN͒. This was the case for a third junction on the same die as the previous two. In the as-prepared state, this junction showed strong deviations from a 1 / f spectrum, but only for positive voltage biases , as shown in Fig. 6͑b͒ . Under certain biasing conditions, Lorentzian-like spectra were associated with clear RTN in the time domain. RTN in MTJs has been reported previously and in some cases can be linked to inhomogeneous current flow. 15 For negative biases, the as-prepared state of this junction exhibited 1 / f spectra. Moreover, ␣͑V͒ was found to decrease at larger negative biases, similar to the previous two junctions. After annealing for 780 s, the noise in the third junction decreased to 4 ϫ 10 −10 m 2 and became less bias dependent. Positive biases also showed a 1 / f spectrum, indicating that the RTN was either eliminated or its spectral density shifted outside of our measurement bandwidth. Hence, thermal annealing does reduce barrier-resistance noise in MgO MTJs and may also serve to "heal" defects that are responsible for large RTN. Figure 7 shows that the evolutions of TMR and of noise are anticorrelated as a function of the annealing time. Here, we plot the average noise parameter ͗␣͘ where the average is taken over all biases measured at each t a . After only 30 s at 430°C, there is a large increase in TMR and a sharp reduction in ͗␣͘. At longer times, the TMR begins to saturate at a value near 275% and, concomitantly, ͗␣͘ flattens out at 1.6 ϫ 10 −10 m 2 . We found a similar behavior in samples annealed at 380°C except that longer annealing times were required to attain comparable noise levels and reduced bias dependence. Thus, both TMR and ͗␣͘ change abruptly within the first few minutes of annealing and reach their respective maximum and minimum values at much later times.
In addition to the decrease in noise magnitude, we also found a systematic trend for the noise to become less bias dependent at longer annealing times. To parametrize this effect we compute the noise ratio ␣͑V͒ / ␣͑0͒, where ␣͑0͒ is the magnitude at zero bias. Figure 8 compares the bias dependence at different annealing times and for different junctions. For an annealing temperature of 430°C the as-prepared junction exhibited at least 30% reduction in the value of ␣ at voltage biases of Ϯ360 mV. After annealing for 30 and 240 s the percentage change is not larger than 12%. A second junction annealed at 430°C and another annealed at 380°C ͑not shown͒ showed similar reductions in bias dependence with annealing duration. To summarize, TMR, noise magnitude, and its bias dependence change substantially after the first few minutes of annealing time. Subsequent changes at longer annealing times are more gradual.
Finally, we describe the effect of annealing on the differential resistance, R d ͑V͒ϵdV / dI. Because the resistance of the junctions changes considerably during annealing, we plot the differential resistance normalized to it zero-bias value, Figure 9 shows that R d ͑V͒ in the P state becomes less bias dependent after the first annealing step at 430°C, corresponding to a duration of 30 s. At 380°C ͑not shown͒, the reduction in bias dependence is more gradual with annealing time, presumably due to the lower annealing temperature. Hence, R d ͑V͒ and ␣͑V͒ appear to follow a similar trend, namely, one toward less bias dependence for longer annealing durations.
III. DISCUSSION
Several processes are known to be occurring simultaneously during annealing, including crystallization of amorphous CoFeB, reduction in defects ͑e.g., vacancies, dislocations͒ in the MgO barrier, and diffusion of impurities such as B, Ru, or Mn into the barrier. Noise and TMR both show dramatic changes at short annealing times. After a few minutes of annealing, the rates of change are reduced such that the magnitudes of both quantities approach a final value.
These saturation values persist out to rather long annealing times ͑Ͼ50 h at 380°C͒. In previous work, synchrotron experiments revealed that the evolution of TMR with annealing time was correlated mostly with time dependence of the volume percentage of crystallized CoFeB. 6, 16 However, neither the CoFeB electrodes nor their degree of crystallization is likely to be the reason behind the drop in noise. An upper bound on electronic 1 / f noise from the metal layers of the materials stack ͑including the CoFeB electrodes͒ can be estimated using the Hooge 17 expression. The Hooge parameter ␣ H for most metals 18 lies between 10 −3 and 10 −1 . Modeling the MTJ as a single layer of metal having ␣ H = 1 yields an ␣ value many orders of magnitude less than the measured value. Hence, the electronic noise must be related to the properties of the barrier.
Defects in insulators are known to be a source of charge traps and, hence, noise in tunneling devices. 19 In the case of sputtered MgO layers, the scanning tunneling spectroscopy data of Mather et al. 20 indicate the presence of Mg and O vacancies that in the limit of high densities produce defect bands and band tails in the band gap of MgO that extend to within a few hundred meV of the Fermi level of the FM electrodes. Moreover, thermal annealing was found to increase the band gap and reduce the density of vacancy defects. Although the time dependence of the band gap widening was not reported, it is plausible that the sharp drop in noise that we observe at short annealing times is due to the reduction in O vacancy defects with energies near the Fermi level of the electrodes. At long times, the noise saturates at a minimum value near 2 ϫ 10 −10 m 2 . The same value is found for annealing temperatures of 380 and 430°C. This noise floor may be due to isolated, residual O vacancies or to another type of defect which does not heal at these temperatures and time scales. Possible candidates include Mg vacancies, impurities, dislocations, and grain boundaries in the textured MgO barrier.
Scola et al. 8 also reported a noise floor near 2 ϫ 10 −10 m 2 in their sputtered MgO-MTJ stacks, suggesting that similar defects may be present in their barriers. In addition, they found that the noise did not vary significantly with annealing temperature. This observation can be understood in light of our annealing studies. The 90 min annealing duration used in their work is sufficiently long to reach the noise floor, even at their lowest annealing temperatures ͑ϳ250°C͒. The authors also report that an unannealed MTJ had a similar noise level. This seemingly contradictory observation is discussed below in the context of the bias dependence of the noise. Noise floors of order 10 −10 m 2 have also been reported by Almeida et al. 12 in further support of a common, underlying defect in sputtered MTJ stacks. In contrast, the noise in fully epitaxial Fe/MgO/Fe MTJs was reported by Aliev et al. 21 to be at least one order of magnitude smaller ͑Ϸ10 −11 m 2 ͒. The Poissonian character ͑Fano factor Ϸ1͒ of the shot noise that they observe in similar epitaxially grown MTJs demonstrates a direct tunneling mechanism which is consistent with high chemical and structural quality of the MgO barrier. 22 The chemical and structural disorders present in epitaxially grown versus sputter deposited MTJ stacks are expected to be different. At this point, the exact identification of the defects responsible for the different noise floors in epitaxially and sputter-deposited MTJ stacks is unresolved.
A noise floor at long annealing times could also arise if the gradual annealing of defects ͑e.g., O vacancies͒ that decreases the noise is compensated by an increase in noise due to the diffusion of impurities into the barrier. Extrinsic impurity scattering will disrupt the coherent tunneling of the highly conducting ⌬ 1 band electrons and will result in a decrease in the P state conductance. 6 Figure 10 shows that the P state differential conductance begins to decrease after 240 s of annealing at 430°C, suggesting that diffusion is appreciable at relatively short times. The noise, however, continues to decrease around this time period. At longer times the noise is essentially independent of time ͑within statistical variation͒, whereas the P state differential conductance continues to decrease. We conclude that the presence of these impurities ͑e.g., Ru and Mn͒ has a stronger effect on the P state conductance than on the barrier noise.
The presence of vacancy defect bands helps to explain the voltage bias dependence that we observe in the P state differential resistance and in the barrier noise of as-prepared and short-time annealed MTJs. There are also reports of bias dependence of the barrier noise in MgO-based MTJs that have undergone standard ͑long duration͒ annealing treatments. 11, 12 We assume that the defect band tails contribute a spin-independent conductance channel in parallel with the coherent tunneling that leads to high TMR. As the voltage bias across the MTJ is increased, the defect band tails contribute progressively more conductance resulting in a noticeable drop in resistance over typical voltages ͑ϳ0.4 V͒. Moreover, if the defect conductance channel is comparatively less noisy than charge trapping noise ͑likely for bandlike conduction͒, then the noise parameter ␣͑V͒ will also decrease. Thermal annealing reduces the defect density and disorder causing the band tails to recede away from the Fermi level of the electrodes. The defect conductance channel is then effectively inaccessible for the same voltage bias range, which in turn results in less bias dependence in both the differential resistance and noise. If the bias dependence of ␣͑V͒ in an unannealed MTJ is strong, it is possible for its noise level at high biases to drop to values comparable to the noise levels in annealed MTJs. This can explain why the unannealed junction in Ref. 8 exhibited a noise level similar to those found in their annealed MTJs. The noise spectrum for their unannealed MTJ was measured at 500 mV. Based on our results, that measurement was done in the high-bias limit.
Typical annealing treatments for MgO-based MTJs involve temperatures ranging from 300 to 400°C and durations between 1 and 2 h. These are suitable process parameters for achieving high TMR and low barrier noise. We note, however, one caveat to using high temperatures and long annealing times for materials stacks comprising exchange biasing layers. Figure 3 shows that the magnetoresistive noise due to the reference layer broadens considerably in applied magnetic field after long annealing. This is likely due to the diffusion of Ru and Mn atoms from the artificial antiferromagnetic layer damaging the exchange bias. The "spillover" of the reference layer's magnetoresistive noise to zero ͑and positive͒ field can be detrimental for certain applications, such as magnetic field sensors.
IV. CONCLUSION
We have measured the evolution of TMR and of barrierresistance noise in sputtered MgO-based MTJs as a function of annealing time at 380 and at 430°C. Significant increases in TMR and decreases in noise are observed during the first few minutes of annealing. The annealing time that is required for the TMR to reach its maximum value depends on the annealing temperature. It is found to be shorter at higher annealing temperatures. Similarly, the noise is observed to drop to its minimum value sooner at higher temperatures. The maximum TMR and minimum noise levels are roughly coincident in annealing time, with the noise tending to somewhat lag the TMR. Devices annealed at 430°C exhibit the highest TMR and lowest noise after about 20 min. We conclude that annealing treatments aimed at optimizing the TMR also serve to reduce the barrier-resistance noise. This is important for applications such as magnetic field sensing where it is desirable to have high signal ͑TMR͒ and low noise.
Although the time evolutions of TMR and of noise are anticorrelated, the degree of crystallinity in the CoFeB electrodes cannot account for the sharp drop in noise. Rather, the noise is attributed to oxygen vacancy defects in the MgO tunnel barrier. As-prepared devices and those having undergone the shortest annealing show higher noise levels and pronounced bias dependence in the noise parameter ␣. In such devices, high vacancy defect densities and disorder are expected to give rise to defect band levels and broad band tails within the band gap of MgO. Thermal annealing reduces disorder and the number of defects with levels near the Fermi energy of the electrodes. This results in a reduction in barrier noise and may explain why ␣ is much less dependent on voltage bias in annealed devices. Since ␣ can depend on voltage bias, we emphasize the importance of specifying the biasing conditions when making comparisons of barrierresistance noise between different MTJ devices.
Finally, we find that ␣ has nearly the same minimum value ͑␣ Ϸ 2 ϫ 10 −10 m 2 ͒ at both annealing temperatures. This noise level is very similar to other reports in sputtered MTJs and it is higher than the lowest values reported in epitaxial MgO-based MTJs. We ascribe the apparent noise floor in sputtered devices to a particular defect that is absent or less prevalent in epitaxially deposited devices. Possible candidates include Mg vacancies or grain boundaries in the textured MgO layer. For magnetic field sensor applications, this barrier-resistance noise floor is sufficiently low so that the performance limiting factor at low frequencies is magnetoresistive 1 / f noise due to thermally driven magnetic domain reconfiguration in the electrodes.
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